focusing on the communications aspect of the industry, and the complexity of the standardization process in the context of modern, interdependent technologies.
Introduction
The issue of compatibility standards has become very important in many co high-technology industries. Compatibility or interface standards assure the user -that an intermediate product or component can be successfully incorporated in Z a larger system comprised of closely specified inputs and outputs (David and I Greenstein, 1990) . Case studies on the standards process have shown how different industries have resolved the coordination problems between opposing | parties (Collins, 1987; Gabel, 1987; Axelrod et al., 1995; Lehr, 1996) . On one 9-hand, firms making investment decisions have the incentive to make £ proprietary systems and to amass monopoly rents. On the other hand, users 0 benefit from having open or standardized systems whose components are often 1 modular. Open systems encourage multiple vendors and competitive outcomes, "3 such as lower prices and greater variety. In general, standards have been .* established by the market, de facto, or by mandate, de jure. Products in the | intelligent transportation systems (ITS) Industry combine features of open and closed systems. Correspondingly, the decision relating to the telecommunications infrastructure in ITS is an instance where neither de facto nor dejurt standardization has occurred. The heterogeneity of the technologies and the public and private players and corresponding conflicting incentives have hindered the standardization process in the industry. This paper presents a brief case study of the standards process in the ITS industry, with a focus on telecommunications infrastructure. It shows that the increasing complexity of the technological environment of modem products mandates standardization but the process by which such standardization occurs is complicated due to conflicts of interests. The case study also shows that the lack of standardization can have serious implications for the long-term viability of an emerging industry.
The Standards Process: A Brief Review of Recent Literature
The management of technological interdependence through standardization has been the focus of numerous recent studies. Many of these studies are summarized in the survey on standards research by David and Greenstein (1990) . In general, the literature examines the process by which standardization takes place, either through game theoretic modeling or through case study. While the idiosyncrasies of products, firms and users make each case of standardization a little different, some insights are broadly applicable across many industries. Drawing on these studies, it can be understood that unsponsored standardization takes place when (i) no agent has proprietary interest in any of the relevant standards, (ii) no firm or user is large enough to influence the actions of other vendors and users, (iii) there are increasing returns to adoption and advantages accruing from network externalities, and (iv) perfect information about preferences of other users creates bandwagon effects. Sponsored standardization, on the other hand, occurs when there is proprietary interest on the part of one or more agents, and standardization directly benefits these agents. In such case, the agent who benefits from such standardization would 'sponsor' the standard by offering appropriate inducements to other parties to encourage adoption. The case of VHS versus Betamax in the videocassette recorder industry is a blend of sponsored standardization by a consortium of firms and unsponsored standardization due to effects of network externalities.
There are instances when the standards are due neither to sponsorship nor technical features of the product market. Sometimes standards development organizations (SDOs) such as the International Standards Organization (ISO) develop and publish standards. When SDOs have sufficient legitimacy among 746 their members, the standards they establish are voluntarily adopted by the membership and form the basis for parity in the competitive environment. For example, QS9000 certification is a voluntary standard developed by ISO that has been adopted as a quality standard among automotive suppliers. Finally, there are instances, especially when public welfare and safety are issues, when the government mandates standards. For example, the government has many minimum performance standards for cars under different crash scenarios. Agents with vested interests in the decision of the SDO or the government play active roles in trying to influence the outcome of the standards development process (Lehr, 1996) . Instances of sponsored and unsponsored standards are usually prevalent in emerging industries where the stakes in terms of investment and returns are high. SDOs and the government usually do not have sufficient data to make informed decisions on behalf of their constituents. Emerging industries operate in environments that are characterized by high uncertainty and by a large number of competitors with competing designs and technologies. If these conditions are exacerbated by multiple interdependencies, establishing early standards becomes critical. ITS is an emerging, global industry, struggling to come out of its infancy. Despite the best efforts by private corporations, the ITS industry association of America (ITSA), local, state and the federal government, and other interested parties such as universities and research institutions, the lack of standards continues to hamper the coherent development of the industry.
Intelligent Transportation Systems
The ITS industry combines automotive, communications, electronic and computer technologies to develop products that seek to enhance safety and convenience for the driver, to provide better traffic management options for the public transportation authorities, and to alleviate environmental deterioration. The primary focus of ITS is to enhance the safety, efficiency and capacity of the transportation infrastructure through the use of information technology. Table 1 provides a list of ITS user services as categorized by the national ITS architecture document. Tushman and Rosenkopf (1992) , in their discussion on technological subsystems, define closed, assembled systems as systems that are composed of multiple subsystems and have discernible boundaries. Examples of such systems are radios and automobiles. Open assembled systems are those that are composed of closed assembled systems and do not have clear system boundaries, such as electrical supply systems and telecommunications 747 (Kahin, 1993) . ITS products generally fall under one of seven user service categories. The specific composition of subsystems contained within a particular ITS product is determined by the user service it is intended for. For example, a driver information system may have in-vehicle sensors, processing and storage devices, a human-computer interface, a transmitter and a receiver. The infrastructure to support the driver information system may have roadside sensors, processing and storage devices, transmitters and receivers. Longitudinal collision avoidance systems, on the other hand, are not dependent on the infrastructure for any support and are contained within the vehicle environment. Traffic control systems depend primarily on infrastructure 748 components such as roadside sensors, processing, storage and communication devices. The National ITS Architecture provides a common framework for ITS design. The architecture defines the functions (e.g. gather traffic information or request a route) that must be performed to implement a given user service by establishing:
1. the physical entities or subsystems where these functions reside (e.g. the roadside or the vehicle); 2. the interfaces/information flows between the physical subsystems; 3. the communication requirements for the information flows (e.g. wireline or wireless).
Figure 1 depicts the physical architecture that is envisioned in the National ITS Architecture document. ITS products span parts of one or more of four subsystems: the traveler subsystem, the (traffic control) center subsystem, the vehicle subsystem and the roadside subsystem. The extent to which an ITS product draws upon more than one subsystem depends on the user service and market orientation. As Figure 1 shows, there is an inherent communications component to nearly all ITS applications. A communication link conveys data or information between any two elements of an ITS system. Communications in ITS is one of the most critical system elements supporting operational success.
The wide range of options that meet the communications requirements of ITS include dedicated networks, commercially available wireline services and an array of wireless communication options. Dedicated networks are needed when neither existing networks nor the new National Information Infrastructure (Nil) are capable of supporting specific ITS applications (Branscomb and Keller, 1996) . Communications service companies may not be able to provide the high reliability required of transportation applications at competitive prices. In these cases, a dedicated network of wireline, dedicated short-range communication (DSRC) and wireless components would need to be developed and constructed according to the specific purpose for which the network is intended.
A wireline infrastructure already exists in many parts of the world. This infrastructure includes legacy systems of twisted-pair copper wire, or coaxial cable and modem fiber-optic networks. Compared with alternative transmission media, such as wireless, twisted-pair copper wire or coaxial cable, fiber is often a technically superior option for broadband land line communications. It is reliable, cost-effective and easy to maintain (Melcher and Roos, 1996) . Dedicated short-range communications are used to transmit information between moving vehicles and stationary equipment. The reader is usually placed in the infrastructure (roadside) and moving vehicles are equipped with tags containing information. DSRC enable the reader to capture all the information on the tags as the vehicle passes the reader. A variety of technologies are used in vehicle-to-vehicle communications including infrared laser and millimeter wave radar.
Mobility is an integral characteristic of ITS since the products are intended to capture, transmit and synthesize data from the mobile population on the roads, highways and transit systems and provide information to public authorities and the traveling public. Therefore, wireless communications have an important role to play in the design of ITS. Table 2 presents a summary of the wireless communications options. These wireless services are evaluated and chosen based on reliability, coverage, transmission speeds, equipment and airtime costs, and security.
Challenges to ITS Deployment and Commercialization:
Coordinating Chaos ITS deployment and commercialization, especially in the USA, has been a slow process. The Federal Department of Transportation set up the National 750 These choices in turn determine the products, manufactured by private firms, that support the ITS system. The problem confronting ITS is referred to by many experts as the 'chicken and egg' problem. The choice relating to the best communication technology is not obvious and public authorities would like tangible proof regarding conflicting claims of superiority among competing technologies. However, for the entire system to be implemented or tested, there needs to be private sector investment and product development. The private sector is unable to make the required capital investment without a commitment from the public sector about the requisite infrastructure investment.
Second, wireline communications, most notably fiber-optic communications, are an important link from the infrastructure to the traffic management center. The wireline infrastructure collects the critical road and traffic condition data, and transmits them to the traffic management center. The data can then be disseminated for processing by public authorities and private independent service providers. Shared resource projects are being considered by many states for the installation of communications cables along interstate rights of way. The public interstate right of way is shared with private companies for the installation of telecommunications hardware in a publicprivate partnership. These partnerships have many legal, political, financial and structural issues that need to be resolved before they can be successfully executed. The limitations on public sector authority on sharing resources and receiving compensation, project management and coordination, liability and intellectual property rights are among the significant issues that need to be addressed before these shared resource projects are considered for ITS deployment.
It is acknowledged by all those who are interested in ITS that standardization of interfaces is a prerequisite for the implementation of the Intelligent Transportation Infrastructure (ITI) and the National ITS Architecture. Technical compatibility is the traditional concern of many products that are a part of a larger system. In a study on the organizational mortality in the early American telephone industry, Barnett (1990) proposed that elemental systems that comprise parts of a larger system could be characterized as being either uniform or differentiated. Uniform systems work together to fulfil a desired outcome and require standardization throughout. The operating system of a computer and the engine of a car are examples of such systems. Differentiated systems consist of parts that work together because they are 753 different in a complementary way. The personal computer system comprises differentiated systems such as the printer, the monitor and other hardware components, and the automobile is a system of differentiated elemental systems such as the brake, engine and transmission modules. Almost every product system under the ITS umbrella is a composite system consisting of uniform and differentiated systems. For example, the electronic toll collection system, at the very least, has readers in the road infrastructure, tags on mobile vehicles and DSRC technology for communication between the readers and tags. Each of these is a differentiated system but each comprises many uniform elements. Another example of a composite system is the advanced traveler information system. The in-vehicle unit has differentiated elements such as a computer, navigation database and driver interface unit. The on-board computer itself has software, microprocessors and hardware, each of which comprise uniform elements but are individually differentiated.
Besides technical compatibility, intergenerational and interstate compatibility pose further challenges to ITS deployment. Legacy systems are an intrinsic part of the ITS communications network. While ITS would benefit from advanced communications systems, many communications systems are already in the traffic infrastructure. Cost considerations mandate that the existing infrastructure be utilized to fully feasible limits. New communications systems are constrained by the need to be compatible with these legacy systems. As communications technologies develop further along the technological trajectory, the entire ITS system, whose foundation rests on communication and information, faces the task of maintaining intergenerational compatibility in many disparate applications.
ITS applications are most useful when they can be used nationwide. The USA has a mobile population, and cars and trucks travel all over the country. However, traffic control is under county jurisdiction, right of way and highway jurisdiction rests with state authorities, and the federal government oversees and funds many of the ITS initiatives. Many cities rely more or less on public transport, and these regions are more likely to tailor their ITS systems towards transit management. Other urban areas have many automotive commuters who would find in-vehicle real-time information useful. The ITS systems would then have to be more vehicle friendly. Disputes over jurisdictional authority and conflicting agendas among local, state and national transportation personnel have created a network of many incompatible systems.
The National ITS Architecture identifies and specifies the requirements for the standards needed to support national and regional interoperability, as well as product standards needed to support economy-of-scale considerations in 754 deployment. In January 1996, the US Department of Transportation announced the Operation Time Saver initiative, whose goal is build an Intelligent Transportation Infrastructure for key ITS user services such as electronic payment, toll collection, emergency management services, and traffic signal management. While the ITSA and the Department of Transportation have been active in pursuing the standards agenda, the conflicting incentives among public and private initiatives have inhibited standardization. The instability in the ITS environment is compounded by the aggressive efforts by private firms to pursue proprietary, discordant strategies in order to capture the large rents promised by the ultimate winners in the ITS standards battles.
ITS in Real Time: Illustrations of Diversity
This section presents two examples of ITS model deployment and implementation, focusing on the communications aspect of these cases. Conflicts of interest and lack of decisive action are clearly illustrated by these instances of ITS implementation. The two cases discussed relate to DSRC for electronic toll collection and payment, and real-time traffic information for advanced traveler information systems (ATIS). DSRC is an enabling technology used in electronic truck clearance (ETC) systems that provides the means by which information is exchanged between a vehicle and the highway infrastructure. There are three incompatible ETC systems in the USA (Samuel, 1998) . The ETC system sponsored by the Heavy Truck Electronic License Plate (HELP) led by Lockheed Martin is deployed in nine states. HELP has the largest deployment with 33 inspection stations and over >50 000 transponders in trucks. Four states, primarily in the northwestern USA, have adopted the Multi-jurisdictional Automated Pre-clearance System (MAPS). MAPS is in eight inspection stations and 800 transponders are in trucks. The third system, Advantage Commercial Vehicle Operations (AVCO), operates in Ontario and six US states. AVCO has 29 inspection stations but only 4500 transponders in trucks. While AVCO, which pioneered electronic clearance, and MAPS have agreed to join forces and offer interoperable systems, HELP has become more aggressive in its efforts to dominate the market on its own strength.
National interoperability is a critical requirement for ETC systems. Many of the trucking operators offer nationwide freight movement. Truckers have been expressing frustration with the multiple tags that have to be displayed on their trucks in order to complete a delivery. The lack of a seamless, interoperable ETC network has inhibited widespread adoption by the trucking population. The two major contenders view the standards battle differently. The MAPS/AVCO approach has been to attract state government participation and induce adoption by the trucking population. They have stated that they would cooperate with HELP in order to achieve interoperability. However, HELP is appealing to the truckers by playing on the their perception of AVCO as the 'government system'. They claim that their systems are designed to be acceptable to truckers and cannot be used for excessive or enhanced enforcement. HELP hopes to persuade more state authorities to adopt their system by showing evidence of greater adoption of the system by truckers in the states where HELP ETC is deployed. The conflict between the two competing parties is at an impasse despite many federal and expert initiatives to resolve the standoff.
ATIS systems provide a variety of information that assists travelers in reaching a desired destination. The aim of the state and regional traffic authorities is the provision of real-time information to the mobile public so as to aid in decisions regarding mode of travel or travel route. Many simulations are being performed in order to evaluate alternative communication technologies. The Houston Transtar, the Seattle SWIFT and the Minnesota Genesis are three of many projects involved in ATIS (Shibata and French, 1997) .
The Houston Transtar system began operation in 1996. Buses and cars equipped with electronic transponders communicate with automatic vehicle identification (AVI) readers on the roads using DSRC. The information is then sent to traffic management centers using wireline communications, and the traffic information is conveyed to commuters through changeable message signs, radio reports, an internet home page and some 700 handheld computers. The SWIFT system tests the delivery of information via three devices: a Seiko Receptor Message Watch, an in-vehicle FM subcarrier radio and a palm-top computer. The Genesis Traveler Information System uses personal communications devices such as alphanumeric pagers, PDAs and notebook computers to deliver traffic information to the urban traveler.
It is obvious that many alternative communications media are simultaneously viable. However, finite resources dictate that choices have to be made in terms of the method by which traffic information will be delivered. These choices, unless nationally standardized, could result in unintended chaos. Ervin (1995) presents a scenario to illustrate the impact of uncoordinated ATIS communications. It is possible to have many incompatible communications systems within the ATIS framework. One could be FCC-authorized two-way cellular data communications and be the desired national standard. No infrastructure investment is required in this case but the traveler is likely to pay high usage fees. An alternative could be the use of roadside infrared beacons 756 using DSRC to communicate with the moving vehicle. Heavy infrastructure investment is required but the cost of communications is low. A third possible system could be an unlicensed spread spectrum band of radio communications. Transmitters could be placed on leased property and no public authorization will be needed. A fourth option is to have microwave communications which fall under both the FCC and state and local highway jurisdictions. Incompatible systems do not allow for economies of scale in manufacture of receivers and in-vehicle modules, and users face the possibility of having products that do not work nationwide.
Conclusion
Many modern products are complex systems that challenge traditional theories relating to standards development, even as standardization becomes increasingly important to an industry's growth and maturity. The ITS industry in the USA has been in the research and testing mode for nearly two decades with few products actually being made available to consumers. It has been the tradition in the USA to prefer de facto standardization. However, ITS is one instance where neither de facto nor dejurt standardization is taking place. The reason for this predicament is that the users and developers of ITS come from conflicting ideologies and with conflicting incentives. Federal, state and local traffic authorities have to work in close coordination with private enterprise to introduce ITS. Profit and monopoly rents are the primary motives of the private firms who look eagerly to the promised $200 b. ITS market. High stakes interfere with meaningful coordination and cooperation. ITS draws on multiple disciplines, including operations research, electronics, telecommunications, psychology, urban planning and transportation management. Each field has its own history, tradition and interests. Each of these fields, while contributing positively to ITS development, also complicate interpersonal communications. The standard-setting process can thus be stifled as jurisdictions and expertise conflict.
It is widely recognized that ITS communications standards are critical for the future development of the industry. Manufacturers of ITS products in Europe and Japan are determined to enter the US market using the expertise gained in their home markets. Much of the communications standardization has taken place in those two regions primarily through mandate, and ITS products are entering Japanese and European markets rapidly. Managing the ITS industry in the USA so that it attains its predicted market potential of $200 b. may be predicated on the compatibility of the transportation and telecommunications infrastructures. 757
